Phase equilibria of hydrogen bonding (HB) fluid confined in a slit pore with broken symmetry were investigated by the density functional theory incorporated with modified fundamental measure theory, where the symmetry breaking originated from the distinct interactions between fluid molecules and two walls of the slit pore. In terms of adsorption-desorption isotherms and the corresponding grand potentials, phase diagrams of HB fluid under various conditions are presented. Furthermore, through phase coexistences of laying transition and capillary condensation, the effects of HB interaction, pore width, fluid-pore interaction and the broken symmetry on the phase equilibrium properties are addressed. It is shown that these factors can give rise to apparent influences on the phase equilibria of confined HB fluid because of the competition between intermolecular interaction and fluid-pore interaction. Interestingly, a significant influence of broken symmetry of the slit pore is found, and thus the symmetry breaking can provide a new way to regulate the phase behavior of various confined fluids.
I. INTRODUCTION
In recent years, microporous and mesoporous materials are widely used in fields of physics, chemistry and chemical engineering because of a rapid development of nanotechnology. Physical and chemical properties of the confined fluids such as wetting, phase transition and phase equilibria have attracted intense attentions [1] . As a matter of fact, adsorption properties of nanopore are mainly determined by the geometry of nanopore, fluid-pore interaction and thermodynamic conditions [2, 3] . As is well known, under mesoscopic and microscopic dimensions, fluids would become inhomogeneous and its relevant properties are significantly different from those in the bulk phase. For a pore with various geometries, one can observe the wetting, layering transition (LT) and capillary condensation (CC) [4] [5] [6] . Therefore the investigation of phase equilibria of a fluid in a pore can provide some useful clues for designing the related adsorption materials.
In various adsorptions, hydrogen bonding (HB) fluids have shown a rapidly increasing interest because of its characteristic properties [7] . It is well known that, HB fluid is a typical kind of inhomogeneous and multi-scale system, and usually displays very rich phase behavior because various clusters can be formed through hydrogen bonds. In essence, it is hydrogen bonds that result in a significant influence on the aggregated structures and phase properties of HB fluid [8, 9] . In general, the strength of hydrogen bonds and molecular functionality are thought of as the most important factors to characterize HB interaction, where the molecular functionality is referred to the number of proton acceptors and donors of a molecule. Thus one can expect that the two factors can also give rise to similar influences on relevant properties of the confined HB fluid.
In this work the adsorption and desorption isotherms of HB fluid confined in a slit pore with broken symmetry are investigated in terms of the density functional theory (DFT) for classical fluids [10, 11] . Actually, although computer simulations can be selected to study the structure and HBs of fluids such as water between two hydrophobic walls [12] , modern liquid theories such as DFT are more computational efficient. An attempt is made to study how the broken symmetry influences the phase behavior of the confined HB fluid. Here the broken symmetry is referred to the interactions between the fluid molecules with two walls of the slit pore different from each other. Experimentally, this kind of bro-ken symmetry can be realized, for instance, when the slit pore is made of two different walls or when one of the two walls is modified by another kind of material. Along this line, some strategies for the synthesis of Janus particle [13] can be used to prepare a slit pore with broken symmetry above-mentioned.
In this work, to reveal the influences of relevant factors on the phase equilibria of HB fluid confined in a slit pore with symmetry breaking, the investigation is performed for HB fluid of A a D d type in terms of the DFT for classical fluid, where the symbol A a D d denotes a molecule consisting of a proton acceptors and d proton donors. In the calculations, the method of DFT together with the fundamental measure theory (FMT) [14] and modified fundamental measure theory (MFMT) have been used [15, 16] . In detail, the phase equilibria of confined HB fluid are studied by calculating adsorption and desorption isotherms, and then the effect of symmetry breaking, HB interaction and the pore width are presented by means of the corresponding phase diagrams.
II. THEORY
Since the method of DFT for classical fluid was proposed, it has undergone many versions with various approximations. In 1989, the FMT was proposed by Rosenfeld [14] based on the geometry of hard sphere (HS) particle, which recovered the famous 0-dimension results in Percus-Yevick approximation. From then on, FMT and its modified versions [15, 16] have been successfully applied to inhomogeneous fluids and mixtures. So far the DFT approach has shown considerable superiority because of its modest computational cost and higher precision.
The key component of the DFT for classical fluids is constructing the grand potential with the density profile as the functional variable. As the equilibrium density profile is obtained by minimizing the grand potential functional, some physical properties of the fluid can be investigated [10, 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . For a fluid system of interest, the classical DFT states that, the grand potential functional Ω[n(r)] can be expressed as a functional form by taking the density profile n(r) of fluid as the functional variable, namely
where F [n(r)] is the intrinsic Helmholtz free energy, V ext (r) is the external potential for a single particle and µ is the chemical potential of a particle in the bulk phase. F [n(r)] can be formally expressed as the sum of an ideal part F id [n(r)] and an excess part F ex [n(r)] by writing
in which the ideal part F id [n(r)] has been exactly known as,
where β −1 is the product of Boltzmann constant k B and temperature T , Λ is the thermal wavelength.
The excess part F ex [n(r)] for the present HB fluid under study can be given by 
in which the expressions of
are the following respectively,
where n α (r) (α=0, 1, 2, 3, I, II) denote the weighted density and can be derived by means of the weighed function ω α (r − r ′ ), namely
while the expression of ω α (r − r ′ ) can be found in Ref. [14] .
The contribution from dispersion interaction between fluid molecules, under the mean field approximation, can be given by the following expression
in which V dis (|r − r ′ |) denotes the interaction potential between molecules at positions r and r ′ . For convenience, in this work V dis (r) will be modeled by a cut-off Lennard-Jones (LJ) potential by using WCA approximation [23] . This means that, there exists a cut-off radius r c to be used such that V dis (r) is zero as r>r c and takes the following form as r≤r c 
where ρ(r) is the number density of hydrogen bonds at position r, p a (r) and p d (r) are the HB degrees of proton acceptors and donors respectively, and they are subject to the following relationship (16) here, ε hb denotes the HB energy, υ is an HB volume parameter, while g hs [n(r)] is the radial distribution function of the HS fluid that can be expressed as [18] 
From Eq. (13), it can be seen that the functional variables of F hb [n(r)] are not only the number density of fluid molecules but also that of hydrogen bonds, and therefore both of them play the key role in characterizing the aggregated structure of the HB fluid. Minimizing the grand potential functional Ω[n(r)] yields
in which V ext (r) denotes the fluid-wall interaction, and n b and µ b are the bulk density and chemical potential of the HB fluid, respectively. Because of the presence of hydrogen bonds, the bulk chemical potential µ b can be further expressed as
where µ hs , µ dis and µ hb denote the chemical potentials contributed by the HS, dispersion and HB parts with the following forms [25] 
where η= π 6 n b σ 3 is packing fraction of the bulk HB fluid, and T * is defined as T * =(βε) −1 . Note that, in the bulk limit, n(r)=n b , ξ=1 and g hs (η)= 1 − η/2 (1 − η) 3 . Based on the geometry of slit pore under consideration, one can find that n(r)=n(z). Furthermore, the symmetry breaking can be characterized by the distinct interaction energies between fluid molecules with two walls of the slit pore. Therefore if H denotes the distance between the two walls, where z is the distance of a molecule from the wall, this kind of broken symmetry can be represented by the following fluid-wall interaction
where the parameter q s is used to characterize the broken symmetry occurring in the two walls and it ranges from zero to 1. In Eq. (24), the interaction potential V (z) takes the form as [26] :
where ε w is the fluid-wall interaction energy, and parameters ∆ is usually chosen as ∆=0.7071σ. Note that, for the slit pore without broken symmetry, one can find that the parameter q s should equal to 1. Therefore when q s varies from zero to 1, the effect of symmetry breaking on the properties of HB fluid in the slit pore can be investigated by the change in corresponding equilibrium density profile.
III. RESULTS AND DISCUSSION

A. Calculation details
As mentioned above, the central physical quantity in the framework of DFT is to find the equilibrium density profile of fluid under various conditions. For the present system, Eq.(19) can be solved by the standard Picard method to obtain the equilibrium density profile. During the iteration process, the new and old density profiles are mixed to avoid the divergence according to the following manner
where n i in (z) and n i out (z) are the input and output density profiles in the i-th iteration step, and f is a mixing parameter and it is adopted as 0.01 in the calculations. The iteration calculations terminate once the maximum difference between the new and old density profiles is smaller than 10 −6 . The weighted densities and all the integrals in this work are evaluated by a trapezoidal rule with a mesh width equal to 0.01σ. Once the equilibrium DOI:10.1063/1674-0068/28/cjcp1501001 c ⃝2015 Chinese Physical Society density profile is obtained, the average fluid density can be given by
At a given temperature, the phase equilibria in a slit pore can be determined according to the requirements satisfied by chemical potential and grand potential for the coexistence phases, namely
where n g (z) and n l (z) are gas-like and liquid-like density profiles at the equilibrium state, respectively. In general, in order to determine n g (z) and n l (z), one may firstly calculate the grand potential isotherms for adsorption and desorption process and then determines a bulk density at which the adsorption and desorption grand potential isotherms come cross. Figure 1 shows an example on how to obtain the bulk density from the adsorption and desorption isotherms together with the corresponding grand potential curves, which can be seen in the upper and lower panels, respectively. From the crosspoints in the grand potentials, one can obtain the average densities corresponding to the coexistence phases.
B. The effect of HB interaction on the phase equilibria
For the confined HB fluid, it is obvious that HB interaction is the most important intermolecular interaction, and thus it also gives rise to the corresponding influences on the related properties. In general, upon considering the effect of molecular connectivity, the HB interaction can be considered from two aspects. One is the functionality for forming hydrogen bond, i.e., the number of proton acceptors and proton donors, and another is the HB energy. These two factors should be addressed upon investigating relevant properties of HB fluids.
In this subsection we will turn our attention to how the two factors affect the phase behavior of the confined HB fluid. At first, to learn about the effect of molecular functionality, HB fluids of A 1 D 1 , A 1 D 2 and A 2 D 2 types have been taken as examples, which represent the systems of chain-like, branched and network HB fluids, respectively. As a result, we have presented the corresponding phase diagrams under the condition that ε hb /ε=20.0, ε w /ε=15.0, pore width H=7.5σ and broken symmetry q s =0.25, as shown in Fig.2 .
Clearly, there exist LTs and CCs in the phase diagram, in which the left branches represent LTs and the right branches represent CCs. It can be found that, the corresponding critical temperatures rise when the functionality increases and in particular, for the network HB fluid of A 2 D 2 type, an increase in its critical temperatures are very significant. Meanwhile, for the network FIG. 1 (a HB fluid, the corresponding phase regions in LT and CC are obviously extended compared with other two types of HB fluids. This is because, in a sense, an increase in functionality means that intermolecular interaction increases, and therefore leads the critical temperatures to rise. In addition, the structure of molecular clusters (chain-like, branched and network structures) may be another factor resulting in the critical temperature to rise. Furthermore, to reveal the effect of HB energy on the phase behavior of confined HB fluid, we have presented the corresponding phase diagrams of A 2 D 2 type fluid in Fig.3 for different HB energies. For easy of presentation, we have used the ratio of HB energy ε hb to the energy ε of LJ potential as a parameter to study the ef- fect of HB energy. In obtaining the phase diagram, the conditions that ε w /ε=15.0, H=7.5σ and q s =0.1 have been adopted. It is shown that with an increase in HB energy (ε hb /ε=15.0, 20.0 and 25.0), the critical temperatures for both LTs and CCs rise significantly and eventually when ε hb /ε=25.0, the critical temperature of LT has exceeded that of CC. Meanwhile, as the HB energy increases, an obvious increase in the phase regions of LT can be observed. These results mean that the HB energy is indeed a key factor to influence the phase behavior of HB fluid, as expected. From the above discussions concerning the effect of HB interaction on the phase equilibria of HB fluid, one can conclude that both the functionality and HB energy can result in a significant influence on its phase equilibria. Of course, if what one concerns is beyond the effect of molecular connectivity on the properties of HB fluid, therefore it is necessary that more characters of HB interaction should be taken into account.
C. The effect of pore width on the phase equilibria
For a nano-pore, the pore size is an important parameter to affect the phase behavior of the confined fluid, and in the present system such a parameter is the pore width. Likewise, we can obtain the influence of pore width on the phase equilibria of HB fluid of A 2 D 2 type for pore width H=5.0σ, 7.5σ and 10.0σ, respectively. For convenience, the corresponding phase diagram has been calculated under the case that ε hb /ε=20.0, ε w /ε=15.0 and q s =0.1, as illustrated in Fig.4 . Obviously, at a small pore width, only LT in the phase diagram can be observed, and with an increase in the pore width, both LT and CC appear. Meanwhile, with an increase in pore width, the critical temperatures of LTs decrease slightly, but the critical temperatures of CCs increase slightly. In addition, the phase regions of LTs show a shrinking tendency with the pore width increasing.
Interestingly, the tendency of the critical temperature of CC increasing with pore width can be found not only in the confined HB fluid [25] , but also in the confined LJ fluid [19, 26] and chain fluid [27] . Therefore, such a phenomenon may be very general and in a sense, it can be considered as a general principle for the confined fluids in nature.
D. The effect of broken symmetry of the slit pore on the phase equilibria
It is our main interest to consider the effect of the broken symmetry on the phase behavior of the confined HB fluids. To this end, we have introduced a broken symmetry parameter q s to characterize the energy difference between the fluid molecules and two walls of the slit. Seen from Eq.(24), we can know that the situation of slit without broken symmetry corresponds to the case of q s =1. Therefore the extent of broken symmetry is closely related to the proximity of parameter q s approaching to zero.
For the HB fluid of A 2 D 2 type, upon changing the parameter q s , one can obtain the corresponding phase diagrams under the conditions that ε hb /ε=20.0, ε w /ε=15.0 and H=7.5σ, as illustrated in Fig.5 .
Clearly, a rich phase structure can be observed as q s varies. First, compared with the case without broken symmetry, the critical temperatures of LT with broken symmetry rise slightly. However, with q s close to zero, the critical temperature of CC transition rises initially and then lowers. Secondly, with a decrease in parameter q s , the phase region of CC tends to increase firstly and then decreases. While for the LT, its phase regions always decrease compared with that without broken symmetry. Thirdly, when the symmetry breaking takes place, there is no apparent influence on the critical temperature and density of LT being found. Interestingly, when q s =0.75, one can even find that there appears a complicated double-peak structure in the phase diagram of CC. Meanwhile, a broadened density gap under this situation may be found. All these results indicate that the effect of the broken symmetry on the phase behavior of confined HB fluid is very significant, and thus can serve as a new way of regulating phase properties of the confined fluid.
E. The effect of fluid-wall interaction on the phase equilibria
The fluid-wall interaction plays the role of an external field and therefore can be used as an effective factor to regulate the equilibrium density profile of HB fluid, and hence its aggregation state and phase behavior. Likewise, we also use the ratio of fluid-wall interaction energy ε w to the energy ε as a parameter to characterize the fluid-wall interaction. In so doing, for different values of ε w /ε, the corresponding phase diagrams illustrated in Fig.6 enable us to obtain the effect of fluid-wall interaction.
It can be found that, with an increase in the fluid-wall energy, there is an obvious change in the phase behavior of the confined HB fluid. At a relatively low fluidwall interaction energy, only the gas-liquid like phase transition is observed, and when fluid-wall interaction increases, both the LT and CC take place. Meanwhile, with fluid-wall interaction increasing, the corresponding critical temperatures lower together with phase regions and density gaps shrinking. This is because, when the fluid-wall attraction is relatively weak, the intermolecular interaction dominates and thus leads the LT and CC to vanish. As the fluid-wall interaction becomes strong, the competition between fluid-wall attraction and intermolecular interaction takes place, and as a result, LT and CC are observed.
IV. CONCLUSION
DFT for classical fluids together with FMT and MFMT have been used to investigate the phase equilibria of HB fluid confined in a slit pore with broken symmetry. The corresponding results indicate that phase properties of the confined HB fluid are closely related to the HB interaction and the nature of the slit pore. In essence, the phase behavior of confined HB fluid is determined by the competition between fluid-wall interaction and intermolecular interaction. As a consequence, one can find that, LT and CC sometimes do not take place simultaneously.
As is well known, for the fluid confined in a nanopore or meso-pore, an apparent fact is that surface or interface effect plays a key role in relevant physical phenomena because of the microscopic or mesoscopic size of the pore. This makes that fluid-wall interaction, intermolecular interaction and geometry of nano-pore become very important. For the HB fluid confined in a slit pore with broken symmetry, their influence of these factors have been investigated. These results are helpful to reveal the phase behavior of confined HB fluid under various geometrical and physical conditions. More importantly, it is found that the symmetry breaking of slit walls could be considered as a new method for regulating the phase behavior of the confined fluid. These factors, depending on the extent of broken symmetry, can lead to a significant effect on the phase region and critical temperature of CC. Therefore compared with the corresponding results without broken symmetry, symmetry breaking occurring in a slit pore can serve as a new way of regulating the phase property of the confined fluids.
It should be noted that, the treatment of HB flu-ids in this work is still crude since as an approximation, some important characters such as dipolar interaction, dispersion correlation and non-spherical geometry of fluid molecules have been neglected. Therefore the used model to deal with the HB fluid is very simplified. As is well known, the dispersion correlation plays an important role in improving the mean field approximation, by which an elaborated phase structure can be obtained. In fact, the dispersion contribution can be improved by using a corrected mean field theory [28] , perturbative expansion [18, 22] , weighted density approximations based on the mean field weighted function [29] and Heaviside step function [30] . In the present work only qualitative features of phase equilibria for the HB fluid in an asymmetric slit pore was investigated, then a simple mean field approximation has been used in the calculation. Clearly, further efforts should be made in order to reveal the phase behavior of confined HB fluid in a deep level.
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